ABSTRACT The aim of the present study was to reexamine the effects of intestinal viscosity, microflora, and bile salts, and their interactions in order to clarify the mechanisms that explain the effect of intestinal viscosity on lipid digestibility, especially those that could involve microflora. Effects of intestinal viscosity, microflora status, and dietary bile salts on lipid digestibility, intestinal bile salts, and intestinal histomorphology were tested in a 2 × 2 × 2 factorial experiment. The effect of microflora status was examined by comparing conventional chickens to chickens with limited microflora obtained by rearing birds in sterilized conditions. Viscosity and dietary bile salts were tested with guar gum (0 or 0.5% in diets) and sodium taurocholate (0 or 0.3% in diets), respectively. Guar gum was autoclaved and added to the γ-irradiated diets by mixing inside the sterile isolators. The intestinal concentration of lactic acid and cecal concentration of short-chain fatty acids were both very low in birds with limited microflora compared to conventional birds (P = 0.0001). Chickens with limited microflora had higher gain:feed ratios (P = 0.002), higher fecal lipid digestibility (P = 0.0001), more intestinal conjugated bile salts (P = 0.0001), less intestinal unconjugated bile salts (P = 0.0001), and their gastrointestinal compartments were smaller (P < 0.05) than those of conventional chickens. Addition of bile salts in diets increased the lipid digestibility (P = 0.0001) with a more pronounced effect in conventional
INTRODUCTION
Increase in digesta viscosity induced by water-soluble, nonstarch polysaccharides (WS-NSP), such as arabinoxylans and β-glucans present in rye, wheat, or barley is associated with reduced growth performances and digestibilities in chickens (Bedford and Classen, 1992; Viveros et al., 1994; Maisonnier et al., 2001; Carré et al., 2002) . Among macronu- To whom correspondence should be addressed: carre@tours.inra.fr. 805 birds (P = 0.0001) and in birds fed on guar gum diets (P = 0.002). Feeding the guar gum diets increased the intestinal supernatant viscosity (P = 0.0001) for both microflora status. Guar gum addition increased (P < 0.05) the lactic acid concentration in the small intestine of conventional chickens. Guar gum decreased the fecal lipid digestibility (P = 0.0001) and the intestinal conjugated bile salts (P = 0.0001) for both microflora status. However, the magnitude of lipid digestibility decrease due to guar gum was lower (P = 0.05) in birds with limited microflora than in conventional birds, and the negative effect of guar gum on intestinal conjugated bile salts was more pronounced (P = 0.02) in birds with limited microflora. Bile salt addition reduced the negative effect of guar gum on lipid digestibility (P = 0.02) for both microflora status. The mean lipid digestibilities were negatively correlated (P = 0.0001) with the ratio [Ln(viscosity)/total bile salt] measured in intestinal digesta. Except for gizzard, size of digestive compartments and villus heights increased (P < 0.05) with feed efficiency and digestibility decreased. In conclusion, the results provided evidences that the negative effect of guar gum on lipid digestibility was mainly mediated by its direct effect on intestinal bile salt concentration and efficiency. The small interaction between guar gum and microflora status effects on lipid digestibility had to be accounted for by the low basal level of intestinal bile salts in conventional chickens.
trients, lipids were observed to be most affected by digesta viscosity in chickens (Smits et al., 1997; Maisonnier et al., 2001 ). This effect was essentially due to a reduction in the absorption of free fatty acids, with no evidence of a limitation associated with the hydrolysis step . Chickens show a high sensitivity to digesta viscosity, with, for example, significant responses that can be observed with dietary guar gum concentration as low as 0.3% (Maisonnier et al., 2001 ). This high sensitivity of Abbreviation Key: SCFA = short-chain fatty acid; TLC/FID = thin layer chromatography with a flame ionization detector; WS-NSP = water-soluble, nonstarch polysaccharide.
young chickens is probably due in part to a bile salt deficiency (Krogdahl, 1985) .
It is often hypothesized that the increase in intestinal microflora activity resulting from high digesta viscosity (Wagner and Thomas, 1978; Choct et al., 1996) could explain, in part, the negative effect of digesta viscosity on lipid digestibility, as the inclusion of penicillin in diets may reduce the negative effects of WS-NSP on growth performance and nutrient retention in chickens (Patel et al., 1980; Antoniou and Marquardt, 1982; Fengler et al., 1988) . This hypothesis seems conflicting as Choct et al. (1996) did not observe an improvement in lipid digestibility with the inclusion of antibiotic in a diet containing wheat WS-NSP. Moreover, attempts to test the effects of intestinal viscosity in both conventional and axenic birds failed because of difficulty in obtaining high intestinal viscosity in axenic birds (Patel et al., 1980; Campbell et al., 1983; Langhout et al., 2000) . According to the hypothesis of the microflora interaction, the effect of digesta viscosity would be mediated by a greater degradation of bile salts by microflora (Smits et al., 1998) . The increased microflora activity could also act through its effect on intestinal mucosa (Fuller and Coates, 1983) . Campbell et al. (1983) showed that the positive effect of dietary sodium taurocholate on lipid digestibility was higher with a rye-based diet than with a wheat-based diet. It was also previously observed (Smits et al., 1998 ) that the decrease in lipid digestibility with the inclusion of carboxymethyl cellulose in the diet was associated with an increased bile acid excretion, which may reflect an alteration in the bile acid reabsorption (Razdan et al., 1997; Smits et al., 1998) . A reduced bile salt pool size and subsequent reduced lipid digestion would result. In this hypothesis, viscosity would act directly by its physical effect on bile salt reabsorption with no mediation by the microflora activity.
The aim of the present study was to reexamine the effects of intestinal viscosity, microflora, bile salts, and their interactions, in order to clarify the mechanisms that explain the effect of guar gum on lipid digestibility, especially those that could involve microflora. Effects of digesta viscosity, microflora status, and dietary bile salts on lipid digestibility, intestinal bile salts, and intestinal histomorphology were tested in a 2 × 2 × 2 factorial design. The effect of microflora status was examined by comparing conventional chickens to chickens with limited microflora obtained by rearing birds in sterilized conditions. Digesta viscosity was tested by dietary addition of 0.5% guar gum that was sterilized by autoclaving instead of γ-irradiation, as γ-irradiation is able to reduce the viscosity property of polysaccharides (Patel et al., 1980; Campbell et al., 1983; Langhout et al., 2000) . Dietary bile salt was tested by adding 0.3% sodium taurocholate in diets. 
MATERIALS AND METHODS

Diets
A starter diet (12.53 MJ/kg ME, 220 g crude protein per kilogram) containing corn, wheat, and soybean meal was fed to birds up to 7 d of age. Then, they were fed on one of the four experimental diets. The four experimental diets differed by diluting a basal diet (Table 1) at different levels with bile salts (taurocholic acid, sodium salt, crude) 3 (0 or 0.3%) or guar gum 3 (0 or 0.5%). The starter diet and the basal diet with or without added bile salts were sterilized by γ-irradiation (50 Kgray) 4 in sealed bags of 1.5 kg. Guar gum was sterilized in glass bottles by autoclaving at 121°C for 20 min, kept in the sealed glass bottles, and then added to irradiated diets. For the birds growing in sterile isolators, the mixtures of guar gum with diets were done inside the isolators.
Birds
The assay was conducted on two groups of birds from the broiler strain Y33, 5 one with a conventional microflora and the other one with a limited microflora. Both groups were constituted with chickens from the same breeding flock. The group with limited microflora was obtained by hatching and rearing chickens in sterile conditions (Lafont et al., 1984) as follows. Clean eggs collected just after laying were sterilized by a stay in HgCl 2 (18 g/L) for 3 min, a formaldehyde fumigation for 10 min and, then, another stay in HgCl 2 (15 g/L) for 2 min. Then, the sterilized eggs were put in a disinfected incubator for 19 d and transferred after another sterilization in HgCl 2 (12 g/L) for 1.5 min in a sterile isolator for hatching. Five days after hatching, 43 germ-free chickens were weighed and transferred to eight different sterile isolators containing a plastic cage (60 cm length, 40 cm width, and 40 cm height) fitted with a feeder and a drinking system. Each of the four experimental diets was assigned to two isolators with five or six birds per isolator, 10 birds for the basal diet and 11 birds for the three other diets. Sterile isolators were placed in a controlled housing system with 23 h light per day (50 lx in a cage). Each isolator was provided with a controlled ventilation and temperature system (34°C 1 d, 32°C 2 to 3 d, 30°C 4 to 8 d, 29°C 9 to 17 d, 26°C 18 d, 25°C 19 d, 24°C 20 to 22 d). Sterile materials, eggs, and birds entering or leaving isolators were placed in a sealed sterile box, then the box passed through a flooding chamber containing 0.8% ammonium bromide 6 . Excreta samples were taken daily from 0 to 7 d, and then twice a week, for examining the presence of aerobic and anaerobic bacteria. Presence of Clostridium sp. and Bacillus sp. was detected. As no other bacteria could be detected, these birds were considered as having a limited microflora. The total collection of excreta was done in each isolator by placing a plastic sheet under the cages.
Just after hatching and until 7 d, one hundred conventional birds were put in metal cages (44 cm length, 32 cm width, 40 cm height) with four or five birds per cage. The cages were placed in a ventilated room with controlled light and temperature. The temperature and the light conditions were the same as in the isolators. At 7 d of age, 60 birds were selected in order to have the same mean weight than those of birds with limited microflora. The selected birds were distributed into four groups with 15 birds per group in order to have the same mean weight (107 g) and a similar corresponding standard deviation (3.0; 3.2; 3.2; 3.1) in each group. Each group corresponded to one of the four experimental diets. The selected birds of each group were randomly distributed in cages, with five cages per diet and three birds per cage in order to have a ground density similar to that of isolators. Each cage was provided with a feeder, a drinking system, and a plastic tray put under the cage for total collection of excreta. Thus, the numbers of individual replicates (15) and cage replicates (five) were higher than those appearing for birds with limited microflora (10 or 11 for individual replicates and two for cage replicates). This enabled us to increase the degrees of freedom for statistical analyses. Increasing degrees of freedom with birds reared in sterile conditions was not possible because of limitation in the number of isolators (eight).
For practical reasons, conventional birds were not reared exactly in the same time as birds with limited microflora. However, difference in timing (1 wk) was very small in order to avoid any effect that could come from difference in age of breeders.
Growth Performances
Chickens were weighed individually at 7 d and 21 d of age after a food deprivation of 18 h. Feed intakes were also recorded for each cage (two and five replicates per diet for the birds with limited and conventional microflora, respectively) between these times to calculate gain:feed ratios.
Lipid Digestibility
Two balance experiments were performed from 11 d to 14 d and from 18 d to 21 d of age in order to determine the apparent lipid digestibility. For the balance experiments, food intakes and excreta outputs were determined for each cage as previously described (Carré et al., 1995a) with one modification: the excreta outputs were collected for each cage once daily at 16 h. The birds were weighed at the beginning and end of the two balance experiments.
At the end of the trials, both diets and freeze-dried excreta were ground through a 0.5-mm screen and stored at 4°C until analysis of lipid contents. According to the number of cages per diet, digestibility data were obtained for each balance experiments with two and five replicates per diet for the birds with limited and conventional microflora, respectively.
Sampling Procedures of Intestinal Digesta and Histo-morphology of the Digestive Tract
At the end of the second balance experiment the birds were killed after 24 h of food restoration with an intracardiac injection of 1 mL of sodium pentobarbital 7 . Several parts of the gastrointestinal tract (gizzard, duodenum, jejunum, ileum, and ceca) were recovered. Portions of 2 cm were cut at the end of duodenum and in the middle of ileum, open longitudinally, tied to a rubber plate to prevent cold shortening, frozen in isopentane cooled with liquid nitrogen and stored at −80°C until microscope examination. Lengths were measured, contents were expelled by finger pressure, and the empty segments were weighed. Length and weight were corrected for the 2-cm removed portions.
For histological observations, 25-µm cross sections were obtained at −25°C from the frozen intestinal portions and stained at ambient temperature with haematoxylin and eosin. Villus height and muscular wall thickness were measured using light microscope observations with the help of an image analysis system 8 . Measurements were done on one cross section per animal and segment with 10 measurements distributed at random for each cross section. The mean values attributed to individual birds were used in the statistical analyses.
Digesta of the jejunum plus proximal ileum was recovered together, weighed and immediately centrifuged (3,200 × g for 5 min). Precipitate and supernatant were separated, weighed, cooled on ice, and placed at −20°C until determination of intestinal supernatant viscosity. After determination of intestinal supernatant viscosity at ambient temperature, precipitate and supernatant were mixed to reconstitute the jejunum plus proximal ileum contents. These contents were placed at −20°C and were freeze-dried prior to measurements of DL-lactic acid and unconjugated and conjugated bile acids. Ceca contents were also recovered, weighed, and placed at −20°C until determination of shortchain fatty acid (SCFA) concentration.
Analytical Methods
Lipid content was determined as previously described (Carré et al., 1995b) . Intestinal supernatant viscosity was measured at 20 to 22°C using a rheoanalyzer 9 as previously described (Carré et al., 1994) after a supernatant dilution to 1/19 with distilled water. The results expressed as Logarithm [Ln(mPaؒs)] were corrected for the dilution by multiplying by 19. The real applied viscosities (mL/g) of guar gum (sterilized or not) and diets were also measured using the same apparatus, as previously described (Carré et al., 1994) . The DL-lactic acid and SCFA contents were determined as previously described (Carré et al., 1995b) . The bile acids of the freeze-dried digesta samples (100 mg) were extracted with ethanol (4 mL) at 60°C for 24 h in sealed tube under stirring. After centrifugation at 5,000 × g during 5 min, the supernatant was recovered, evaporated to dryness and resuspended in 200 to 400 µL of ethanol. The extracts were then placed at −20°C until analysis. Quantification of unconjugated and conjugated bile acid classes was then determined by thin layer chromatography (Huang and Nichols, 1975) detected with a flame ionization system 10 using the hyodeoxycholate 3 as internal standard. Separation of unconjugated and conjugated bile acids was performed with two solvent systems as previously described by Huang and Nichols (1975) with some modifications. Unconjugated bile acids were separated in an isooctane/ethyl acetate/acetate solvent system (50/40/8) for 30 min and then the conjugated bile acids were separated in a chloroform/methanol/water/acetate solvent system (70/25/3/3) for 25 min.
Statistical Analyses
Statistical analyses were performed using the StatView 5.0 software program.
11 Three-way ANOVA was used to assess the effects of microflora, dietary guar gum, and dietary bile salts, and their interactions. Lipid digestibility values from 1st and 2nd assays were compared by paired t-test. 
RESULTS
Growth Performances
Growth performances and food intakes are shown in Table 2 . Mean BW at 7 d did not differed between treatments. Limited microflora did not change growth and improved gain:food ratio (7 to 21 d) ( Table 2 ). Feeding the guar gum diets depressed the weight gain (7 to 21 d) and decreased the gain:food ratio (7 to 21 d) with no significant interaction with microflora status or dietary bile salts ( Table  2 ). The addition of bile salts in diets increased weight gain (7 to 21 d) in any case, but did not change significantly the gain:food ratio (7 to 21 d). No significant interactions were observed concerning growth performances (Table 2) .
Intestinal Organic Acids and Histomorphology
The concentrations of lactic acid in small intestine and SCFA in ceca were much higher in conventional birds than in birds growing in sterilized conditions (Table 3) . Introduction of bile salts to diets did not change the concentrations of lactic acid and SCFA in the intestinal contents (Table 3) . In conventional chickens, the dietary guar gum addition increased the concentration of lactic acid in the small intestinal contents and decreased the concentration of SCFA in the cecal contents (Table 3) .
The weight of the small intestinal contents was more important in conventional birds than in birds with limited microflora (Table 3) . Feeding the guar gum diets increased the weight of small intestinal contents with a greater magnitude for the conventional status than for the limited microflora status (Table 3) . Feeding the guar gum diets increased also slightly the percentage of water in the small intestine content (Table 3) .
The relative weight and length of the gastrointestinal compartments were generally greater for the conventional status than for the limited microflora one (Table 4) . Villus heights and weight:length ratios of the small intestine compartments were often higher in conventional birds (Table  4) . However, muscular wall thickness was not significantly changed by the microflora status.
The relative weight and length of the gastrointestinal compartments were affected by the introduction of guar gum or bile salts in diets (Table 4) . Feeding the guar gum diets generally increased the relative weight and length of the gastrointestinal tract compartments, whereas inclusion of bile salts in diets tended to decrease them (Table 4 ). The magnitude of the increases in weight and weight:length ratio of duodenum with guar gum addition was more important in conventional birds than in birds with limited microflora (Table 4 ). The positive effect of guar gum on length of ileum was also greater in conventional than in birds with limited microflora (Table 4) . But the latter effect on weight:length ratio of ileum was lower in conventional than in birds with limited microflora (Table 4 ). The decrease in length of duodenum and ileum with bile salt addition Number (n) of replicates per mean are 15 individuals for conventional microflora and 10-11 individuals for limited microflora (except for feed intake and gain/feed:n = five pens of three chicks in conventional microflora group, and n = 2 pens of five or six chicks in limited microflora group). Number (n) of replicates per mean are 15 individuals for conventional microflora and 10-11 individuals for limited microflora (except for lipid digestibility: n = five pens of three chicks in conventional microflora group, and n = two pens of five or six chicks in limited microflora group). was more pronounced in the conventional birds than in the birds with limited microflora (Table 4) .
Villus height tended to be increased by guar gum addition with a significant effect observed for ileum (P = 0.0001) (Table 4) . A significant negative effect (P = 0.03) of bile salt addition was observed on villus height of duodenum (Table 4) .
In birds with limited microflora, guar gum and bile salts were observed to result in positive and negative effects on muscular wall thickness of ileum, respectively. This was not observed in conventional birds (Table 4) .
Intestinal lactic acid and cecal SCFA concentrations were often positively correlated (P < 0.05) with the size of intestinal segments and villus heights (Table 5) . Gain:feed ratio, lipid digestibility and intestinal total bile salt concentration were negatively correlated (P < 0.05) with most of the histomorphologic data (Table 5) . Positive correlations were generally observed between intestinal viscosity and histomorphologic data; however, most were not significant (P > 0.05), except for ceca and duodenum weights and for ileum villus height (Table 5 ). The histomorphologic data were not significantly correlated (P > 0.05) with BW. In contrast, 0.44* *P < 0.05; **P < 0.01; ***P < 0.001.
they were often positively correlated (P < 0.05) with feed intake (Table 5) .
Intestinal Viscosity, Intestinal Bile Salts, and Lipid Digestibility
The real applied viscosity values of diets with or without guar gum were, on average, 5.17 and 1.28 mL/g, respectively.
The intestinal supernatant viscosity was higher in the chickens with limited microflora than in the conventional ones (Table 3) . Feeding the diets containing guar gum increased the intestinal supernatant viscosity for both microflora status (Table 3) . Addition of bile salts in the diet did not affect the small intestinal supernatant viscosity (Table 3).
Lipid digestibility data were not different between the first and second assays, and the correlation between the two assays was high (r 2 = 0.78). Moreover, the effects of guar gum, microflora status, dietary bile salts, and their interactions were very similar in both assays. Thus, their data were combined and the calculations were carried out using mean digestibility values from the two assays (Table 3).
The multiple linear regression calculating weight gain (7 to 21 d) as a function of feed intake and lipid digestibility supplied residual values that were not significantly affected (P > 0.05) by guar gum, microflora status, and dietary bile salts or their interactions.
Effects of guar gum and microflora on lipid digestibility were both negative, while effect of bile salt addition was positive (Table 3) . However, this effect of guar gum was less pronounced both with limited microflora or addition of bile salt (Table 3 ). The effect of bile salts on lipid digestibility was also less pronounced with limited microflora (Table 3) . For lipid digestibility, the triple interaction (guar gum × microflora × bile salts) was not significant (Table 3) . Moreover, the effects (P < 0.05) of guar gum and bile salts on lipid digestibility were negative and positive, respectively, in both microflora status, and the interaction (guar gum × bile salts) was significant (P < 0.05) and displayed the same pattern in both microflora status.
Effects of guar gum, microflora, and bile salt addition on concentration of conjugated and total bile acids in the small intestine were very similar to what was observed on lipid digestibility (Table 3) , except for the pattern of double interactions: the effects of bile salt and guar gum additions were higher in birds with limited microflora than in conventional ones, and the effect of guar gum was higher when bile salts were added in diet (Table 3) .
The concentration of unconjugated bile acids was lowered considerably with limited microflora (Table 3 ). In conventional birds, the proportion of unconjugated bile acids in total bile acids was increased (P < 0.05) by guar gum addition. Mean lipid digestibilities calculated for each treatment showed a high negative correlation (P = 0.0001) with the ratio [Ln(viscosity)/total bile salt] measured in intestinal digesta (Figure 1 ).
DISCUSSION
Sterilization of guar gum by autoclaving and subsequent mixing of guar gum with γ-irradiated diets inside the sterilized isolators enabled sterilized rearing conditions together with high viscosity values for diet supernatants.
Other previous experiments trying to test the interaction (diet viscosity × microflora status) failed to obtain such a high viscosity because diet sterilization was obtained by γ-irradiation of the whole diet (Sacquet et al., 1982; Campbell et al., 1983; Pell et al., 1995; Langhout et al., 2000) . Measurements of viscosity of guar gum solutions showed that the viscosity property of guar gum was not decreased by autoclaving, which was reflected by the high values of intestinal supernatant viscosities for the birds fed the guar gum diets (Table 3 ). This observation was in agreement with a previous study (Campbell et al., 1986) showing that diet autoclaving does not improve the growth performance of broiler chickens fed a rye diet. In contrast, γ-irradiation improved growth performance and reduced viscosity (Campbell et al., 1986) .
The limited microflora status of birds reared in sterilized conditions was ascertained by the low concentrations of lactic acid and unconjugated bile acids in their small intestine and low concentrations of SCFA in their cecal contents compared to conventional birds (Table 3 ). This limited microflora status was also supported by the morphometry of the gastrointestinal tract compartments whose weight and length were significantly lower than those of conventional birds (Table 4) , as previously observed in chickens reared in similar conditions (Gordon and Bruckner-Kardoss, 1961) . Limited microflora also resulted in shorter villus height (Table 4) , as already mentioned in previous experiments (Fuller and Coates, 1983) . Chickens with limited microflora showed higher feed efficiency (Table 2 ) and higher lipid digestibility (Table 3) than conventional ones, which was already observed in the past (Boyd and Edwards, 1967; Kussaibati et al., 1982) . Intestinal bile salts were much lower in conventional chickens (Table 3) , which could come from bile acid deconjugation by microflora (Table 3) with subsequent immediate absorption of unconjugated bile acids (Thomson and Dietschy, 1981) . The multiple linear regression calculating weight gain (7 to 21 d) as a function of feed intake and lipid digestibility supplied residual values that were not affected by guar gum, microflora status, and dietary bile salts or their interactions. This means that the feed efficiency variations (Table  2 ) could be entirely explained in terms of digestibility variations. Thus, other factors were probably not involved in the feed efficiency variations. Therefore, the difference in activity which might be induced by difference in the number of birds per cage cannot be a matter of consideration for explaining feed efficiency variations.
Feeding the guar gum diets decreased the concentration of SCFA in the cecal contents of conventional birds (Table  3) , which was similar to a previous observation (Choct et al., 1996) . This may reflect a reduction in ceca filling due to guar gum, as previously suggested by Carré et al. (1995a) for explaining a reduced lactose digestibility and an increased lactic acid excretion with a guar gum diet given to chickens. Feeding the guar gum diet increased the concentration of lactic acid in the small intestine of conventional birds (Table 3) , which could explain in part the effect of guar gum on lactic acid excretion (Carré et al., 1995a) . This increase in intestinal lactic acid due to guar gum could come from a reduction in the intestinal absorption of lactic acid or from an increase in the microbial activity in the small intestine as previously observed in birds fed with diets containing rye (Wagner and Thomas, 1978) , wheat pentosans (Choct et al., 1996) , high methyl citrus pectin (Wagner and Thomas, 1978) , or carboxymethyl cellulose (Smits et al., 1998) . This hypothesis of an increased microbial activity in the small intestine due to digesta viscosity was supported in the present study by the observation of a high proportion of unconjugated compounds in total bile acids of small intestine for conventional birds fed the guar gum diets (Table 3) .
As already observed in birds fed on diets containing viscous cereals (Brenes et al., 1993; Viveros et al., 1994) , the size of the intestine compartments was increased by guar gum addition in diets (Table 4) . Guar gum addition resulted in longer ileum villus height (Table 4) , which is in apparent contradiction with previous observations (Viveros et al., 1994; Langhout et al., 1999) . However, these previous observations could come from the fact that birds fed on "viscous" diet showed significant BW reductions (Viveros et al., 1994; Langhout et al., 1999) , which was not the case in the present experiment. In the present experiment, variations in duodenum villus height, analyzed as a function of treatments and BW (covariance analysis), showed a positive relationship with BW.
As microflora is known to increase the intestinal size (Gordon and Bruckner-Kardoss, 1961), guar gum effects could be mediated in part by an increased microbial activity. This is supported by the observation that the magnitude of the duodenum weight and ileum length increases due to guar gum were more important in conventional birds than in birds with limited microflora (Table 4) . However, for many other histomorphologic parameters, the microflora × guar gum interactions were not significant (Table  4) , and the guar gum effects were significant in birds with limited microflora. Thus, viscosity can also act on histomorphology of digestive tract independent of microflora status.
Considering the relationships between histomorphologic parameters and feed efficiency or digestion efficiency parameters (Table 5) , it is noteworthy that the lowest were these efficiencies, and the highest were the size of organs and tissues. This suggests that the variation in histomorphologic parameters observed in the present experiment corresponded to adaptative processes counteracting the negative effects of diets and environment. Therefore, most of these histomorphologic variations were probably consequences of efficiency variations not their causes.
Thus, in the present experiment, it cannot be hypothesized that the viscosity × microflora interaction on lipid digestibility (Table 3) was mediated through an effect of microflora on histomorphology of digestive tract. This interaction probably acted through an effect of microflora on bile salts: with limited microflora status, the basal level of intestinal bile salts were much higher (Table 3) , which probably made the birds less sensitive to the adverse effect of guar gum on lipid digestibility. This hypothesis is supported by the fact that practically all lipid digestibility variation between treatments could be summarized by the [Ln(viscosity): total bile salt] ratio observed in the intestine (Figure 1 ). This relationship also shows that, even if intestinal bile salt variation could explain a great part of lipid digestibility variation, viscosity promoted a direct effect, and this effect was lower if intestinal bile acids were higher. This means that high viscosity required higher level of intestinal bile salts for lipid digestion.
Viscosity not only reduced the efficiency of intestinal bile salts for lipid digestion, but it also reduced reabsorption of bile salts as suggested by the strong negative effect of guar gum on intestinal bile salts in both microflora status (Table 3) . It is probable that guar gum reduced bile salt reabsorption in a way similar to that observed for glucose and cholesterol absorptions (Lund et al., 1989) .
The positive effect of bile salt addition on lipid digestibility (Table 3) confirmed that the potential of young chickens for bile salt synthesis is limiting (Krogdahl, 1985) . The highest interactions on lipid digestibility were observed with the bile salt factor (Table 3) , which illustrates that a great part of microflora and guar gum effects on lipid digestibility were mediated by bile salts.
In conclusion, the limited microflora status or the dietary bile salt addition resulted in greater lipid digestibility and intestinal bile salt concentrations. In contrast, guar gum was observed to reduce both lipid digestibility and intestinal bile salt concentrations in both microflora status. As the deconjugation of bile salts in birds with a limited microflora was very low, these guar gum effects could not be attributed to a deconjugation increase due to a microflora increase resulting from guar gum feeding.
The fact that the negative effect of guar gum on lipid digestibility was lower both with limited microflora or with bile salt addition has to be attributed to the basal levels of intestinal bile salts that were much higher with limited microflora or with bile salt addition.
Size of digestive organs and tissues increased along with feed efficiency and digestibility decreases, which suggests that these changes were more adaptative consequences than causes of feed efficiency and digestibility variations. Thus, effects of guar gum on lipid digestibility were not mediated by changes in size of digestive organs and tissues.
The negative effect of guar gum on lipid digestibility was probably mediated mainly by the negative physical effect of viscosity on absorption of bile salts and fatty acids, resulting in reduced intestinal pool size of bile salts and reduced lipid digestibility. Microflora did not act as a mediator and acted essentially as a prerequisite by lowering the basal level of intestinal bile salts.
